Objective: To estimate the prevalence of elevated brain amyloid and reduced cortical thickness (as a marker for neurodegeneration) in a defined population.
Conclusions: These prevalence estimates are important for understanding age-related trends in amyloid positivity and AD signature cortical thickness in the population, and for potentially projecting the future burden of biomarkers in elderly persons. To determine the effect of interventions for reducing the burden of the clinical dementia phenotype prior to widespread initiation of interventions, it is necessary to understand the prevalence of Alzheimer disease (AD) biomarkers (i.e., elevated brain amyloid [A1] or neurodegeneration [N1] ) in the population without dementia. A problem, however, is that estimates of prevalence (defined as the proportion of individuals in a defined population with a given condition or characteristic) of AD biomarkers in the population without dementia are lacking because few studies have the ability to estimate prevalence.
Staging of AD-related pathology is determined using MRI measures of atrophy, PET measures of amyloid PET and brain metabolism, and CSF amyloid b42, 1,2 from which participants are characterized as A2N2, A1N2, A2N1, or A1N1. 1, 3, 4 The frequency of AD biomarkers has been reported in persons attending memory clinics and convenience samples such as the Alzheimer's Dementia Neuroimaging Initiative (ADNI). 5 These frequencies do not translate to population-based estimates needed for public health planning.
Frequencies of A/N biomarkers have been published for cognitively normal Mayo Clinic Study of Aging (MCSA) participants based on amyloidosis (amyloid PET) and neurodegeneration (MRI hippocampal volume or FDG brain metabolism), 6 and using different definitions of neurodegeneration. 7 Unlike hippocampal volume, which varies by sex and is highly correlated with head size, and FDG PET, which is not entirely specific for AD, AD signature cortical thickness does not vary by sex or head size and predicts memory decline. Thus, in the present study, AD signature cortical thickness was used as a marker for neurodegeneration (N1). 7, 8 The objective of this present study was to estimate the prevalence of the A/N categories of AD pathology in the population without dementia (cognitively normal and mild cognitive impairment [MCI] ) by weighting the frequencies to account for potential nonparticipation bias in the MCSA and standardizing to the Olmsted County, Minnesota, population.
METHODS Sampling frame and recruitment of participants. To establish the MCSA, Olmsted County residents aged 70-89 years on October 1, 2004, were enumerated using the medical records linkage system of the Rochester Epidemiology Project (REP). [9] [10] [11] From this enumeration, potential participants were selected using a random sampling strategy stratified by age and sex to ensure equal allocation by age and sex. Exclusion criteria were dementia, being in hospice, or being terminally ill. Using the same study protocols, we began continuous recruitment of participants in 2008; in 2012 and 2015, we began to recruit participants aged 50-69 years and persons with dementia, respectively. The demographic and clinical characteristics of all randomly selected participants were abstracted from the medical records using the REP in order to assess potential nonparticipation bias. Persons who agreed to a telephone-only component but declined face-to-face participation were considered nonparticipants. 12 Data were abstracted for 4,552 (89% of 5,110) nonparticipants who provided authorization for use of their medical records in research.
Standard protocol approvals, registrations, and patient consents. All study protocols were approved by the institutional review boards of the Mayo Clinic and the Olmsted Medical Center. Written informed consent was obtained from all participants.
Clinical evaluations and diagnostic assessment. Participants were evaluated by 3 study personnel. A study coordinator assessed memory (using questions from the Blessed Test), medical conditions, and sociodemographic information, and interviewed a study partner to assess functioning of the participant. A physician assessed memory and medical conditions and performed a neurologic evaluation, and each participant completed a neuropsychological testing battery that consisted of 9 tests to assess performance in 4 . For diagnostic purposes, the raw scores from each cognitive domain were transformed into age-adjusted scores, averaged, and scaled to allow comparisons across domains. 13 The raw test scores were also averaged and scaled to create a z score for each of the 4 cognitive domains, and a global cognitive z score was calculated by averaging and scaling the 4 domain z scores. The coordinator and physician, and a neuropsychologist, reviewed all information for a participant and assigned a diagnosis of MCI by consensus: (1) cognitive concern by the individual, informant, or physician; (2) impairment in one or more cognitive domains; (3) essentially normal functional activities; and (4) absence of dementia (DSM-IV) according to published data. 14 Participants were considered cognitively normal (CN) if they did not meet criteria for MCI or dementia. Only 22 participants with dementia had imaging data and were therefore excluded.
Covariates. The coordinator assessed depressive symptoms (Beck Depression Inventory) and measured weight and height to estimate body mass index (BMI). APOE e4 genotyping was performed. Research nurses abstracted information on clinical comorbidities (e.g., type 2 diabetes, hypertension) from participant medical records using REP resources.
Assessment of imaging biomarkers. Beginning in 2005, participants were invited to undergo MRI to assess structural brain changes and in 2008 they were invited to undergo Pittsburgh compound B (PiB) PET imaging to assess amyloid accumulation. For this study, we considered a baseline visit as the first visit on or after August 1, 2008, at which both MRI and PiB PET imaging were performed.
Neuroimaging protocols. MRI was performed at 3T and a marker for neurodegeneration was derived from FreeSurfer (v5.3) as an AD-signature meta-region of interest (ROI) composed of the surface-area weighted average of the mean cortical thickness in the following individual ROIs: entorhinal, inferior temporal, middle temporal, and fusiform from both hemispheres as described. 15 An abnormal (reduced) AD signature cortical thickness (N1) was defined as ,2.67 mm to capture the earliest stages of abnormality. 15 Amyloid PET imaging was performed using 11 C-PiB PET. A CT was obtained for attenuation correction. Amyloid PET imaging consisted of four 5-minute dynamic frames acquired 40-60 minutes after injection of 11 C-PiB; images were analyzed with a fully automated image-processing pipeline. 16 PiB PET ROIs were derived from automatically labeled ROIs from an MRI template. 17 An amyloid PET standardized uptake value ratio (SUVR) was calculated from the voxel number weighted average of the median uptake in the parietal, temporal, prefrontal, orbitofrontal, precuneus, anterior and posterior cingulate, and precuneus ROIs referenced to the cerebellar gray crus region. An abnormal (elevated) amyloid (A1) was defined as PiB SUVR .1.42, based on a single cutpoint using the reliable worsening cutpoint method. 15 PET values were gray matter and white matter sharpened, but were not partial volume corrected.
Statistical analyses. Population prevalence was estimated from the frequencies of A/N categories for 5-year, 20-year, and the entire 50-89 year age ranges. First, to account for potential bias from nonparticipation in the face-to-face MCSA, the frequencies were adjusted by the probability of participating in the MCSA using inverse probability weighting (IPW) where weights were a function of age, sex, and education [18] [19] [20] such that MCSA participants who were more like nonparticipants in the MCSA in regard to age, sex, and education were assigned a greater weight (figure 1; IPW adjustment 1). Second, to account for potential bias from nonparticipation in imaging studies among MCSA participants, the frequencies were adjusted by the probability of being imaged using IPW where weights were a function of age, sex, education, and MCI status (figure 1; IPW adjustment 2). For both sets of IPWs, we derived the individual weights using logistic regression models; there were no differences when the clinical covariates were considered in deriving IPWs, thus they were not included in the final IPW estimates. Finally, the adjusted frequency estimates were directly standardized by age, and age and sex, where applicable, to the 2010 Olmsted County population aged 50-89 years, using the sampling fractions from our population-based sampling. [21] [22] [23] RESULTS A total of 1,646 MCSA participants without dementia completed both MRI and PET scanning at the same evaluation between August 1, 2008, and October 20, 2016. The mean (SD) age at imaging was 70.8 (9.8) years, 53.2% were men, 97.1% had $12 years of education, 28.0% had an APOE e4 allele, and 13.6% had prevalent MCI (table  1) . Compared to women, men were older (p 5 0.02); had a higher frequency of hypertension (p 5 0.005), diabetes (p , 0.001), dyslipidemia (p 5 0.01), and coronary artery disease (p , 0.001); had a lower global cognitive z score (p , 0.001); and had a higher frequency of an abnormal AD signature cortical thickness (N1) (p 5 0.001).
Compared to participants with imaging, MCSA participants who were seen on or after August 1, 2008, but not included (n 5 2,248), were older (mean age 73.7 vs 70.8 years; p , 0.001), and fewer were men (48.7% vs 53.2%; p 5 0.01), and had a higher frequency of hypertension (p , 0.001), coronary artery disease (p , 0.001), and stroke (p 5 0.01), and a lower education (p , 0.001) and global cognitive z score (p , 0.001) (table 1). Similar patterns were observed for imaged MCSA participants compared with the total MCSA participants not included in the study (table e-1 at Neurology.org).
Across A/N biomarker categories (unadjusted for age), the A1N1 group had the highest mean age (79.3 years), the frequency of men was highest in A2N1 (60.7%) or A1N1 (55.5%), and frequency of women was highest in A1N2 (54.5%); the frequency of an APOE e4 allele was highest in the A1N2 (48.6%) and A1N1 (41.1%) groups (table e-2). The frequencies of hypertension, diabetes, dyslipidemia, and coronary artery disease were highest in A1N1 followed by A2N1 groups and lowest in the A2N2 group. The frequency of prevalent MCI was highest in the A1N1 group (30.1%), followed by the A1N2 group (15.2%).
Amyloid levels increased with age in both men and women. AD signature cortical thickness decreased with age and was similar in men and women in the youngest and oldest ages, but lower in men than women in the intervening age groups (figure e-1). The overall prevalence of amyloidosis was 21.1% (95% confidence interval 19.1%-23.2%). The prevalence was higher in women, 24.3% (21.1%-27.5%), than men, 17.5% (15.0%-20.0%). The prevalence of reduced AD signature cortical thickness was 28.9% (26.4%-31.5%), similar in men, 30.2% (26.4%-33.9%), and women, 27.9% (24.4%-31.4%). Both A1 and N1 increased with age, N1 more steeply than A1 after 69 years; A1 plateaued after age 79 in men, but continued to increase in women (figure e-2).
In men and women combined, the prevalence of A/N biomarker categories for 50-89 years combined was A2N2: 61.4%; A1N2: 9.7%; A2N1: 17.4%; and A1N1: 11.5% (table 2). The prevalence of A2N2 declined with age; A1N2 was ,3% before age 60, increased with age until the 70s, and declined thereafter; A2N1 was ,13% before age 65 and increased with age; A1N1 was 0% below age 60 years and increased to 53.8% in 85-to 89-year-olds. Age-specific frequencies did Figure 1 Conceptual design of estimating prevalence not differ much from age-specific estimates of prevalence; however, larger differences were observed between frequencies and summary prevalence estimates (IPW-adjusted, pooled across age, and age and sex categories, and standardized to the population). Prevalence of A/N biomarker categories varied by sex and APOE e4 carrier status.
In men, the prevalence of biomarkers (50-89 years) was A2N2: 62.6%; A1N2: 7.3%; A2N1: 19.9%; and A1N1: 10.2% (table 2) . In women, estimates were A2N2: 60.4%; A1N2: 11.7%; A2N1: 15.3%; and A1N1: 12.6%. Thus, A1N1 prevalence was comparable in men and women, A1N2 was more prevalent in women, A2N1 was Table 1 Characteristics more prevalent in men, and A2N2 was similar in men and women. Across 20-year age groups, A1N1 prevalence was similar in both age groups (but slightly higher in women); A1N2 prevalence was higher in women in both the 50-69 and 70-89 age groups. Conversely, the prevalence of A2N1 was higher in men than in women in both age groups. Figure 2 graphically presents these age-specific and summary estimates (all biomarker groups) of prevalence. In APOE e4 carriers, the prevalence of biomarker categories for 50-to 89-year-olds was A2N2: 54.6%; A1N2: 16.6%; A2N1: 12.4%; and A1N1: 16.4%. In non-e4 carriers, the prevalence was A2N2: 63.3%; A1N2: 6.9%; A2N1: 19.9%; and A1N1: 10.0%. By 20-year age groups, A2N2 was most prevalent in 50-to 69-year-old non-e4 carriers; A1N2 was most prevalent in 70-to 89-year-old APOE e4 carriers; A2N1 was most prevalent in 70-to 89-year-old non-e4 carriers; and A1N1 was most prevalent in 70-to 89-year-old APOE e4 carriers ( figure 3) . DISCUSSION Our findings demonstrate an increasing prevalence of abnormal AD biomarkers with age that varied with biomarker groups. Specifically, the prevalence of A1N1 and A2N1 increased with age whereas A1N2 increased to the early 70s, then declined. These estimates of prevalence also varied by sex and by APOE e4 allele. There were small differences between age-specific observed frequencies and estimated prevalence, but there were larger differences when frequencies across age, and age and sex categories were adjusted for nonparticipation and standardized to the Olmsted County population (prevalence).
Our findings are consistent with those of others. The overall prevalence of amyloidosis of 21% among 50-to 89-year-olds in the present study is similar to 24% reported for 50-to 90-year-olds in a metaanalysis of amyloid positivity. 24 Similarly, a study that combined data from several clinic-and populationbased studies showed an increasing trend in amyloid positivity with age from ,20% at or below age 40 years to 50% by age 100 years. 25 Other studies, including the Harvard Brain Aging Study, 26 participants with MCI in the ADNI, and in the European Consortium, 27, 28 have reported estimates of A2N1 frequency that are higher in men vs women. In contrast, one study among CN participants reported a lower frequency of A2N1 in men vs women based on CSF b-amyloid and tau. 29 The prevalence estimates for A/N categories are also consistent with our unadjusted estimates of frequencies previously reported among a smaller sample of CN MCSA participants. 6 Despite the cross-sectional design, the low prevalence of positive biomarkers in 50-to 69-year-olds is consistent with the strong age dependence of declines in cortical thickness and elevations in brain amyloid levels. 30 The high prevalence of A1N1 among persons 70 and older is consistent with increasing incidence of MCI and AD dementia with increasing age. The higher prevalence of A1N2 in women than in men (1.8-fold higher in 50-to 69-year-olds and 1.4-fold higher in 70-to 89-year-olds) raises questions about potential differences in the mechanisms that underlie the development of A1 in women vs men. Understanding these mechanisms will inform the development of strategies to reduce the burden of amyloid positivity in women, some of which may also benefit men. In contrast to A1N2, the prevalence of A2N1 was higher in men than in women in all age groups except age 50-54. This further underscores the importance of understanding how and why the prevalence of these markers varies by sex. The higher prevalence of A2N1 in men vs women may partly explain the earlier occurrence and higher prevalence of MCI in men compared to women in our previous studies 31, 32 and is consistent with studies suggesting that neurodegeneration, rather than amyloid, triggers symptomatic cognitive impairment. 33 The higher prevalence of A2N1 in older women (11% in 50-to 69-year-olds, 25% in 70-to 89-year-olds) may have implications for later onset of clinical symptoms in women. In particular, since the prevalence of A2N1 continues to increase with age, this together with the higher prevalence of A1N1 in women than in men may contribute to a higher prevalence of AD dementia in women at advanced ages. We also observed a higher prevalence of A1 categories in APOE e4 carriers vs non-e4 carriers that is consistent with the known association of the APOE e4 allele with amyloidosis. The characteristics of participants by sex and biomarker group also generate hypotheses about etiologic factors for prevalence of AD biomarkers. The high frequency of vascular risk factors in men may contribute to the higher prevalence of A2N1 in men than in women, potentially due to cerebrovascular disease. 34 The high frequency of vascular risk factors in the A1N1 and A2N1 groups suggests that lifestyle and related vascular risk factors may have additive effects on the development of AD-related neurodegeneration. 35 The high frequency of low education in A1N1 and A2N1 groups raises the question that sociodemographic and lifestyle factors may be linked to greater vascular pathology leading to neurodegeneration.
The A2N2 group, a large component of the study, was much healthier than the groups with pathology. They were younger (69% aged ,70 years; table e-2), had the lowest frequencies of diabetes, dyslipidemia, hypertension, stroke, and coronary artery disease, and had the highest level of education compared to remaining groups. This suggests that an increasing burden of chronic conditions with aging may contribute to brain pathology; prevention of these conditions may offer opportunities for intervention. Limitations of our study include possible nonparticipation bias, but adjustment for potential nonparticipation bias had minimal effects on the unadjusted age-specific frequencies. Yet, potential residual bias from factors that differed in participants and nonparticipants could contribute to underestimation of prevalence estimates. Tau imaging was not considered in AD biomarkers since relatively few MCSA participants had undergone tau imaging at the onset of the present study. Since this is a prevalence study, we cannot make reliable inferences about etiology or causation. Contrary to amyloid positivity, hippocampal volume, and FDG hypometabolism that have been associated with clinical progression, data on the predictive role of AD signature cortical thickness for progression are limited. 7 The predominant race/ethnicity of the MCSA is 96% white; therefore estimates of prevalence need to be explored in nonwhite populations.
The strengths of our article include the large sample size that enhances the internal validity of the study, the ability to characterize AD pathology in participants using amyloid and neurodegeneration biomarkers, and the population-based study design. More importantly, conducting the study in a defined population, combined with our ability to adjust for potential nonparticipation bias using information from participant medical records, enabled us to estimate prevalence in the population without dementia.
These estimates of prevalence may have important implications for projections of the future population burden of age-related amyloid positivity and reduced AD signature cortical thickness. The role of AD signature cortical thickness as a predictor of progression and the public health implications remain to be determined prospectively.
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